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INTRODUCTION 
Members of the family Bacillaceae are characterized by 
their ability to form endospores. Some species of Vibrio, 
Spirillum, and Sarcina (Gibson, 1935) also display this 
ability. An endospore is a resting or reproductive body 
formed within the bacterium, as the term suggests. 
A sr i is extremely resistant to severe treatments and 
is practically indestructible under any conditions it is 
likely to encounter in nature. This intriguing feature of 
spores has evoked an enormous amount of investigation since 
its significance was first disclosed by Ferdinand Cbhn in 
1876. 
There has been a great deal of research concerned with 
germination of bacterial spores and much of this work has 
been adequately treated in reviews by several authors (Sym­
posium on the Biology of Bacterial Spores, 1952; Halvorson 
and Church, 1957). 
The metamorphosis of a vegetative cell to a spore is 
extremely complicated and our understanding of it is limited. 
However, two observations have been made often enough to 
warrant generalization. These are: (l) the optimum con­
ditions for sporulation are like those for growth of the 
vegetative form, and (2) sporulation begins after the~-log-
arithmic or period of most rapid vegetative growth (Lamanna, 
1952). 
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These facts are contrary to the teleological position 
which once was held, that spores were produced when the envir­
onment became too unfavorable for the existence of the veg­
etative form (Knaysi, 19^ 5) or that the spore was an agent 
for the aerial distribution of the species (Bisset, 1950). 
Bacterial spores are unique in the biological world in 
many ways. One bacterium forms only one spore, which in turn 
yields one vegetative organism, so the endospore cannot be 
said to be a device for the multiplication of the species. 
Spores in higher plants play a role in sexual processes, thus 
providing a basis for seeking an analogous role for bacterial 
endospores. Cytological studies have sometimes been claimed 
to support the idea that endospore formation is an autogamic 
reproductive process. Present knowledge does not permit the 
acceptance of autogamy. The descriptions of autogamic 
processes by various workers do not agree in detail (Hunter 
and DeLamater, 1951). No direct or indirect evidence exists 
.1 . . 
for sexual processes in bacteria involving endospores. 
Despite the hypotheses presented above, the biological 
role of endospores is unknown. We find ourselves in the same 
position existing in 1932 when Cook said that bacteria "form 
spores because they form spores". The study of the metabolism 
of spores and sporulating cells, however, affords an oppor­
tunity to study biological morphogenesis or differentiation 
in a single-celled organism. Basic research in this area is 
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presently active in an effort to elucidate mechanisms assoc­
iated with the undifferentiated, rampant growth of cells found 
in malignant tumors. 
In addition, the study of spores might lend itself well 
to the study of the phenomenon of dormancy. Dormant states 
are found widely in the plant and animal kingdoms but are 
not well understood. Although little work of this nature 
and scope has been reported for bacterial spores (Halvorson, 
1959) it seems feasible that an investigation of the inter­
action of dormant biological materials using spores as a 
model could be rewarding. 
Studies of the metabolism of sporulating cells have 
taken a great upsurge in the past few years. Some of the 
significant findings have come from the laboratory of Dr. H. 
Orin Halvorson at the University of Illinois. A report on 
the inhibition of terminal respiration in growing cells of 
Bacillus cereus T leading to the accumulation of acetate, and 
the subsequent utilization of acetate concomitant with the 
onset of sporulation (Nakata and Halvorson, i960) provided 
impetus for the studies described in this dissertation. Some 
of the aspects of C2-metabolism were investigated and related 
to the sporulation of B. cereus T. 
4 
LITERATURE REVIEW 
The bacterial endospore is an organism with consider­
able resistance to adverse chemical or physical conditions. 
The ability of spores to survive heat treatments destructive 
to most forms of life is well known. Because of this heat 
resistance, spores have considerable economic importance, 
especially in the food preservation industry. 
• As a definition, Knaysi (1948) describes the endospore 
as an "intracellular spore formed chiefly by certain bacteria .. 
and capable of reaching a high degree of resistance to del­
eterious agents". He states that this implies the biolog­
ical significance is unknown, that spore formation has been 
observed in organisms other than the Schizomycetes, and that 
b^he resistance of spores in a given species is variable. 
The gross chemical content of spores is similar to that 
of vegetative cells. There are, however, quantitative and 
qualitative differences in the groups of organic and inorganic 
constituents. 
It has been postulated (Friedman and. Henry, 1938) that 
while the total moisture content of spores and vegetative 
cells is similar, there are differences in the free and bound 
water content of the two forms of the organism. 
The ash of the spores of 6 organisms studied by Curran, 
Brunstetter and Meyers (1943) revealed that spores contain 
substantially more calcium, copper, and manganese than veg­
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etative cells, but less potassium and phosphorus. The high 
calcium content was related to heat resistance. 
A major component of bacterial lipids is poly-^ -hydroxy-
butyrate (PHB) (Macrae and Wilkinson, 1958). This polyester 
compound has been isolated from various Bacillus species 
(Stevenson, £t al., 1962), Micrococcus halodenitrifleans 
(Sierra and Gibbons, 1962a), Rhodospirillum rubrum (Merrick 
and Doudoroff, 1961), and other gram-negative bacteria 
(Forsyth, Hayward, and Robert, 1958). Results of investigation 
indicate the main role of the polyester is as an intra­
cellular reserve of carbon and energy for some cells (Macrae 
and Wilkinson, 1958). Slepecky and Law (1961) have shown 
that both speculating and non-sporulating strains of B. 
megaterium form no spores under conditions favorable for 
polyester production. When the sporulating strain was grown 
under unfavorable conditions for PHB formation but favorable 
for sporulation, less PHB was produced. Peak polyester 
production occurs during the log phase of growth. Rapid 
utilization of the polyester was seen to precede sporulation. 
In studies of B. cereus T, it was found that acetoin was 
formed after growth had ceased but prior to significant PHB 
synthesis (Kominek, Srinivasan, and Halvorson, 1963). A 
correlation was seen between the subsequent disappearance 
of acetoin and PHB formation, thereby suggesting a possible 
role for acetoin in polyester formation. 
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An organic compound unique to bacterial spores is pyridine-
2,6-dicarboxylic acid (dipicolinic acid, DPA). Dipicolinic 
acid was first isolated by Dr. Joan Powell in 1953. It is 
known to be a strong chelating agent especially with accumu­
lating calcium in sporulating cells. It is present in high • ... 
concentrations (4 to 15# dry wt) in mature, heat resistant 
spores and is synthesized just prior to their formation. Upon 
germination, DPA is lost completely. Some of the suggested 
functions and mechanisms for DPA have been: l) thermoresis-
tance by protein stabilization and removal of water, 2) stim­
ulation of electron transport by acting as an electron accept­
or, 3) stabilization of enzymes perhaps by a calcium chelated 
"chain" in such a position along the protein molecule to 
allow hydrogen bonding with the N in the pyridine ring, and, 
4) stimulation of germination by mechanisms unknown (Halvorson 
and Howitt, 1961) 
A number of enzymes have been reported to exist in spores. 
Lawrence and Halvorson (1954) have shown the. presence of 
catalase and Doi, Halvorson, and Church (1959) reported the 
presence of glucose dehydrogenase. An alanine racemase 
was discovered by Stewart and Halvorson (1953). A deamination 
reaction was suggested by the finding that NH3 and pyruvate 
were released following L-alanine utilization (Falcone, 1955) 
and was confirmed by 0'Conner and Halvorson (1959) employing 
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N-^ 5 and C1^  labeled L-alanine. 
Powell and Hunter (1956) noted that for B. cereus and 
B. anthracls germination, inosine was a more effective stim­
ulant than adenosine, suggesting an active adenosine deaminase. 
These workers also reported at this time a nucleotide ribo-
sidase which cleaved ribosides into the free base and the 
free sugar by a hydrolytic process. 
Sierra (1963) has recently reported an esterase in B. 
subtilis ATCC 6051 spores which actively hydrolyses tri-
butyrin._ 
Some non-oxidative enzymes occurring in spores of B. 
megaterlum are glutamic-aspartic transaminase,, proteolytic 
enzymes (Levinson and Sevag, 1954a; 1954b) and a pyrophos­
phatase (Levinson, 1957). A glutamine synthetase has been 
reported by Krask (1953) to exist in B. subtilis. A glutamo-
transferase which catalyzes the enzymatic exchange of the 
amide group of glutamine with hydroxylamine to form glutamo-
hydroxamic acid has been reported by Waelsch et al. (1950). 
They suggest this manganese dependent reaction is only a 
biological model for a significant reaction in which the 
r-glutamyl radical combined with amino acids to form V-glutamyl 
peptides. Two additional enzymatic reactions of spore extracts 
involving hydroxylamine have been an "X"-transferase which 
occurs in the absence of glutamine, and an acetokinase-like 
enzyme (Krask, 1953) which the author reports is in all prob­
ability an acetylcoenzyme-A kinase as described by Jones and 
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Lipmann (1955)• 
Hardwick and Poster (1952) developed a technique to 
study sporulation apart from growth by using washed cells 
suspended in distilled water and aerated by shaking. This 
facilitated the study of the effects of substances on spore 
formation. They were able to ascertain that there was a time 
interval in the life of the cell during which it was irre­
versibly "committed" to sporulation although spore formation 
was not yet apparent microscopically. Evidence was advanced 
supporting the hypothesis that sporogenesis is an endogenous 
process which begins when exogenous carbon and energy supplies 
are depleted. This has been confirmed by the work of Grelet 
(1951), who showed sporulation of B. megatherium resulted 
from the exhaustion of glucose, glutamate, D- and L-alanine, 
malate, fumarate, succinate and acetate. Hardwick and Foster 
(1952) also found that sporulation of B. mycoides was inhib­
ited by glucose, butyric and heptylic acids. This was appar­
ently because nitrogenous substances that would be built into 
the spore were diverted in the presence of glucose; then 
after a certain time their utilization in spore synthesis 
would become irreversible. 
There is, however, considerable speculation on the effect 
of glucose per se. If the nitrogen, sulfur, iron, or zinc 
is limiting, sporulation occurs in the presence of glucose. 
Ordal (1957) has demonstrated that Putrefactive Anaerobe 3679 
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sporulated in the presence of glucose; but in such cultures 
the spores germinate, and spore yields are low unless har­
vested at exactly the right time. Powell and Strange (1956) 
demonstrated complete sporulation of B. cereus in a complex 
medium even though up to 20% of the original carbohydrate 
was still present. 
Cells of low protein content obtained by growth on a 
nitrogen deficient medium did form spores by the water re­
placement technique of Hardwick and Foster (1952). Both 
sporulation and inducible enzyme synthesis are dependent upon 
preexisting endogenous protein. This hypothesis suggested 
the two processes would be mutually exclusive and was tested 
for by studying the ability of cells to induce an attack on 
maltose. Cells not committed to sporulation showed charac­
teristics of inducible enzyme formation while cells in which 
the "irreversibility of aporogenesis" had set in would not 
adapt to maltose oxidation (Hardwick and Foster, 1952). This 
led to the conclusion that when cells were committed to 
sporulate the available supply of endogenous protein had 
already been utilized for anabolic activities concerned with 
sporogenesis, thereby rendering inducible enzyme synthesis 
impossible. 
The conclusions drawn from results obtained with washed 
cells have been subject to question. During shaking of 
washed vegetative cells suspended in water, many cells lose 
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their viability and autolyze. As the cells autolyze, the 
water that the cells are being shaken in becomes a compli­
cated medium (Murrell, 1955). Powell and Hunter (1953) 
presented strong evidence that spores of four species of 
Bacillus (including a strain of B. mycoides) were derived 
from the small number of cells which survive lysis. "The 
sporulation process involves increase and concentration of 
solid material in the cell, and is achieved at the expense 
of the product of lysis of 80 to 90% of the resuspended cells." 
Perry and Foster (1954) sharply refuted this evidence of 
lysis during the sporulation of washed cells. They were able 
to present rather convincing evidence that, within limitations 
of the methods, a heat-sensitive vegetative cell produced 
a heat-resistant cell (spore). Furthermore, experiments 
designed to detect mass lysis and cell growth during spor­
ulation of their organism in distilled water yielded 
uniformly negative results. 
This concept of complete endogenous sporogenesis came 
to be questioned again when Black and Gerhardt (1963) found 
90% lysis of B. cereus T when synchronously developing bacilli 
in the granular stage were removed from a primary culture, 
washed in water, and reincubated in water. They found, in 
fact, that spores formed in water were not normal but were 
morphologically defective, relatively susceptible to heat, 
and low in DPA and calcium. These defects were prevented by 
adding calcium.or strontium to the system early in sporogen-
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esls. They concluded that at least calcium must be supplied 
exogenously for the formation of normal spores and that spo-
rogenesis can be said to be completely endogenous only within 
the framework of organic metabolism. 
Some of the earlier biochemical studies concerning spor­
ulation began with the anaerobe Clostridium roseum (Collier, 
1958). A technique was developed to inoculate media with 
synchronously growing organisms in order to study cells which 
were about the same age. This technique has also been applied 
successfully to B. cereus T. Oxygen demand studies of this 
organism during growth showed a bimodal curve. The first 
peak in the curve occurred about the time maximal population 
of vegetative cells was reached. The second peak corresponded 
to the time when morphological changes typical of sporulation 
were evident (Nakata, 1959). During vegetative growth of 
B. cereus T in a glucose-yeast extract-salts medium, large 
amounts of acetic acid were produced and accumulated in the 
medium. Changes in pH of the medium were typically from 
an initial pH of about 7.2 to a low of about 4.8, and then 
a subsequent rise again. The disappearance of glucose from 
the medium correlated with the appearance of acetic acid 
(Nakata and Halvorson, i960). The addition of pyridine-2-
carboxylic acid («4.-plcolinic acid) during acetate accumulation 
prevented acetate utilization and specifically inhibited 
sporulation, but exerted no such effects if added after acetate 
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utilization had begun, as indicated by the rise in pH of 
the medium (Gollakota and Halvorson, i960). Inhibition of 
sporulation by ot-picolinic acid can be reversed by zinc, 
cobalt, nickel, phosphate, and yeast extract (but not ash 
from yeast extract). It was postulated that «y-picolinic acid 
inhibited by chelating with some essential metal, preventing 
the formation of an enzyme system indueibly formed between 
the logarithmic growth phase and the resting phase (Gollakota 
and Halvorson, i960). They also tested ethyl esters of tri­
carboxylic (TCA) cycle intermediates as inhibitors of spor­
ulation. Ethyl pyruvate, diethyl succinate, ethyl malonate, 
and diethyl oxalacetate inhibited sporulation, but ethyl 
acetate, triethyl citrate, ethyl succinate, diethyl L-gluta-
mate, ethyl formate, and ethyl propionate did not. Additional 
studies with fluoroacetic acid and bisulfite demonstrated 
that inhibition of sporulation could be reversed by agents 
common to both the TCA and the glyoxylate cycles, thus pro­
viding circumstantial evidence for the involvement of the 
glyoxylate cycle (Gollakota and Halvorson, 1963). 
Hanson, Srinivasan, and Halvorson (1963a) presented 
evidence that the oxidation of 2-C1^ -acetate to C1^ 02 is 
inhibited by picolinic acid and this inhibition was re­
versed by succinate. Buffering with excess phosphate did not 
affect this pattern of acetate oxidation, hence, pH changes 
or lack of orthophosphate were not responsible for the met­
abolic shifts. 
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Further research concerning the action of<*-picolinic 
acid has shown it prevents synthesis of aconitase 
(Hanson, Srinivasan, and Halvorson, 1963b). 
Very little study has been reported concerning the me­
tabolism of C2-compounds with regard to sporulation. The 
dissimilation of the large amounts of acetate formed by the 
growth of B. cereus T in a glucose-yeast extract-salts medium 
has been postulated to be via an induced glyoxylate cycle 
(Halvorson, 1961) but attempts to demonstrate unequivocally 
the presence of such a cycle have been unsuccessful 
(Gollakota and Halvorson, 1963). 
The. principal enzymes of the glyoxylate cycle are iso-
citrate lyase (Dg-isocitrate glyoxylate-lyase, EC 4.1.3.1. 
Although the Commission recommended L-isocltrate glyoxylate-
lyase for isocitrate lyase, the configuration of the (/-carbon 
of natural isocitrate and therefore the substrate was 
proven by Kaneko in i960 to be Dg.)(Campbell, Smith, and 
Eagles, 1953) and malate synthetase (L-malate glyoxylate-
lyase, EC 4.1.3.2)(Wong and Ajl, 1956). These enzymes were 
combined by Romberg and Madsen (1957) to formulate the so-
called "glyoxylate by-pass". The hypothesis has been advanced 
(Wong and Ajl, 1957; Kornberg and Krebs, 1957) that the 
glyoxylate cycle, in conjunction with the TCA cycle, provides 
an explanation for the mechanism by which bacteria are able 
to grow aerobically on simple C^ -compounds, such as acetate, 
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as the sole carbon source. Recent direct experimental evi- ... 
dence has been provided to support this hypothesis (Romberg, 
Gotto, and Lund, 1958 > Reeves and Ajl, 1960a> 1960b). 
When glyoxylate is formed through the action of iso-
citrate lyase, it has several possible metabolic pathways 
if the glyoxylate cycle is not operable. They are the for­
mation of glycine (Campbell, 1956), of formate and carbon 
dioxide (Campbell, 1955), of glycolate (Zelitch, 1955), and 
of tartronic semialdehyde and carbon dioxide (Krakow and 
Barkulis, 1956). 
In the last named reaction, 2 moles of glyoxylate con­
dense via glyoxylate carboligase to yield carbon dioxide and 
tartronic semialdehyde. Tartronic semialdehyde is reduced 
(Gotto and Romberg, 196la; 1961b) to glyceric acid, with 
concomitant oxidation of reduced nicotinamide adenine di-
nucleotide (NADH) or nicotinamide adenine dinucleotide phos­
phate (NADPH). Glycerate formed in this manner is phosphory-
lated and can ultimately yield acetyl.-CoA via the Embden-
Meyerhof sequence. This route of glyoxylate metabolism has 
been named the "glycerate pathway" by Romberg (1961). 
For more information concerning C2-metabolism and ter­
minal respiration one could consult Romberg (1959), Romberg 
and Elsden (1961), and Ajl (1958). 
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MATERIALS AND METHODS 
Cultural Methods 
Media and organisms 
All experiments, except where otherwise indicated, were 
conducted with organisms grown in a modification of the me­
dium described by Nakata and Halvorson (i960). Stock solu­
tions of CaCl2, 8%, and K2HPO4, 50$ (filter sterilized; 
autoclaving caused the phosphate to leach the glass bottles) 
were prepared, sterilized separately, and added aseptically 
in proper amounts to the medium being prepared. A stock 
solution of the mineral salts solution was prepared by com­
bining in deionized water FeSO^ 'THgO, 0.01%; CuSO^ 'SHgO, 
0.1%; ZnS04*7H20, 0.1%; MnSO^ 'HgO, 1.0%; and MgSO^ , 4.0%. 
The constituents routinely weighed out were (NH^ )2SO^ , 0.2% 
(0.1% in glutamate medium); yeast extract, 0.2%; and the 
desired principal carbon compound, 0.1%. In the instances 
where glucose was used as the major carbon compound, a stock 
solution was prepared and sterilized by putting through, a 
Millipore filter equipped with a 0.45^  porosity membrane. 
To prepare a medium, a portion of the stock mineral solution 
was diluted with a predetermined amount of water, the pre-
weighed constituents were added, and the medium was auto-
claved for 15 min at 121 0. Just prior to inoculation, prop­
er amounts of glucose (if used), KgHPO^ , and CaClg were added 
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aseptlcally to yield a medium of the following composition: 
FeS04«7H20, 0.0005%; CuS0ir5H20, 0.0005%; ZnSO^ 'THgO, 
0.0005%; MnS04«H20, 0.005%; (NH^ j^ O^ , 0.2% (0.1% in glu­
tamate medium); MgSO^ , 0.02%; CaCl2'2H20, 0.08%; K2HP04, 
0.5%; yeast extract, 0.2%; and the principal carbon com­
pound, 0.1%. The pH of the media containing the various 
carbon compounds was always 7.0 to 7.4 without adjustment. 
Addition of CaCl2 and K2HP04 always resulted in creating a 
turbid medium if added prior to autoclaving. Other organic 
growth substrates used were glutamate, acetate, malate, and 
succinate. 
Originally, ether extracted yeast extract was employed. 
The yeast extract was ether extracted continuously for 72 hr 
in a liquid-solid Soxhlet extractor. After ether extraction 
and drying overnight in a desiccator in vacuo, a 10% stock 
solution was prepared. This was autoclaved and added asep­
tlcally to media in proper amounts. This procedure was 
abandoned, however, when no advantageous effects could be 
demonstrated. 
In the nutritional studies, 50 ml cultures in 250 ml 
Erlenmeyer flasks were routinely used and were shaken on 
a platform shaker at the rate of 80 oscillations/min at 34 C.. 
After 20 hr, the cultures were shaken an additional 6 to 12 
hr at 4 C as a measure to hasten endotropic sporulation. 
Routinely, cells for enzyme studies were harvested from 
10 liter batches grown in thick-walled, glass fermentors (New 
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Brunswick Scientific Co., New Brunswick, N. J.). These media 
required autoclaving for 1 hr at 121 C. These cultures were 
given maximal possible aeration with filtered air. The im­
peller was not rotated. Incubation was at 30 C without the 
addition of an antifoam agent. For a complete harvest, the 
culture was centrifuged in a continuous flow Sharpies cen­
trifuge. When samples were taken at different time intervals, 
they were drained through the sample tube after first 
bleeding off a predetermined amount.occupying the siphon 
system. Samples routinely consisted of eight 50 ml tube-
fulls, or approximately 400 ml. In early growth where organ­
isms were somewhat scarce, larger samples were taken as 
needed. All specimens were chilled and harvested immediately 
at 0 C. After three washings with cold deionized water, 
the pellet was stored at -20 C pending cell extract prepa­
ration. 
A stock spore suspension served as inocula for these 
studies. Two 10 liter batches of B. cereus T were allowed to 
grow and sporulate at 30 C in a medium described previously, 
containing 0.5% monosodium glutamate. Excellent and essen­
tially complete sporulation was achieved about 13 hr after 
inoculating each vat with a 250 ml culture of actively growing 
(6 hr) cells. The spores were harvested in a Sharpies cen­
trifuge, washed three times with deionized water, and finally 
resuspended in 0.05 M phosphate buffer, pH 7.2. The 
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resulting preparation, which had the consistency of a heavy 
syrup, was stored at 0 C. Plate counts of the stock after 
heat shocking 30 rain at 80 C showed the suspension to con­
tain 3 x 1010 viable spores/ml. Plate counts of the suspen­
sion after 92 days of storage revealed the viable count had 
dropped to 1 x 1010 spores/ml. This spore suspension served 
as the inoculum for all subsequent studies described. Routine 
inocula consisted of 10^  viable spores/ml. 
Acetate grown spores were previously tried as inoculum 
but they were found to be somewhat heat labile, as heat 
shocking for 30 min at 80 C killed essentially all the spores. 
Glutamate grown spores, on the other hand, were extremely 
resistant. It was found that after plating spore samples at 
time intervals up to 135 min from a 100 C water bath, there 
was no significant reduction in numbers of viable spores. 
Growth and pH determinations 
Growth curves were followed turbidimetrically in a Bausch 
and Lomb "Spectronic-20" colorimeter against a culture medium 
blank at 650 my.. In some of the later growth curves, a 
Beckman 151 Spectro-Colorimeter was used, also employing a 
culture medium blank at 650 try. 
Determinations of hydrogen ion concentration were made 
on culture supernatants with a Beckman Expanded Scale pH 
Meter. 
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Cell extracts 
Acetone powders were prepared according to the method 
described by Umbreit, Burris, and Stauffer (1957). A thick 
bacterial suspension was added to about 10 volumes of cold, 
dry, re-distilled acetone while stirring. After adding the 
entire suspension, a flock would occur. The flock was allowed 
to settle for 10 min, and the supernatant acetone was decanted. 
The residue was harvested on à filter paper pad in a Buchner 
funnel and was washed with additional cold acetone. The res­
idue on the paper was dried overnight in a desiccator jar in 
vacuo. Extracts were made by grinding the dry powder at 0 C 
for 10 min in a prechilled mortar. The finely ground powder 
was extracted with an appropriate amount of buffer for 20 min, 
with stirring every 5 min. This material was. centrifuged 
at full speed (35,000 x g) in an SS-1 Servall centrifuge 
operating at 0 C for 1 hr. Isocitrate lyase, malate syn­
thetase, or glyoxylate carboligase activity could not be demon­
strated in acetone powders which had not been manually ground 
prior to extraction. 
Cell extracts were prepared in tris(hydroxymethyl)amino-
methane (Trls) buffer, 0.05 M, pH 7.0, or potassium phosphate 
buffer, 0.05 M, pH 6.0, both containing 2 ^unoles reduced 
glutathione/ml. 
Sonic disruption of cells was performed in a Raytheon 
10 Ko Sonic Oscillator. Frozen pellets from cell harvests 
were dumped into the cup along with quantities of buffer 
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ranging from 3 to 7 ml, depending on the relative size of 
the pellet. The pellet was broken up with a glass stirring 
rod and the cells were sonlcally disrupted for 25 min at a 
power output of 1.35 amps, with tap water (13 to 15 C) as a 
coolant. The preparation was poured into a stainless steel 
Servall cup and centrifuged as described. The cell-free 
extract was then poured into a chemically clean screw-cap 
test tube pending enzyme and protein determinations. 
Acetone powder extracts displayed about the same degree 
of efficacy as sonic extracts for the key enzymes of the 
glyoxylate cycle but apparently liberated more glyoxylate 
reductase than the latter. For most studies, sonic extracts 
were used due to the simplicity of their preparation. 
Chemicals 
DL-isocitric acid, trisodium salt,thiamine pyrophos­
phate, glyoxylic acid monohydrate, sodium salt, acetylco-
enzyme-A (Acetyl-CoA), coenzyme-A (CoA), 5-bromouracil, and 
8-azaguanine were obtained from the Sigma Chemical Co., St. 
Louis, Mo. 
Acetylcoenzyme-A was also prepared in this laboratory 
according to the method described by Stadtman (1957) and 
was lyophilized. Twenty mg of CoA was weighed out and dis­
solved in 2 ml of deionized water contained in a Pyrex test 
tube (not a soft glass tube). After cooling to .0 C in an 
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ice bath, 0.4 ml of 1 M KHCO^  was added, followed by 0.3 ml 
of freshly prepared 0.1 M acetic anhydride. After allowing 
to stand at 0 C for 4 to 5 min a test for free sulfhydryl 
groups was performed by dipping thin strips of moistened 
filter paper nitroprusside reagent. If a positive test resul­
ted, more acetic anhydride was added until a negative test 
was attained. When the reaction was completed, the prep­
aration was adjusted to pH 6 with HC1 and made up to 10 ml 
with water. One ml portions were added to each of 10 tubes 
and lyophilized. When ready for use, a tube was reconsti­
tuted with 0.2 ml water; 0.02 ml of this would contain about 
0.25 yiunoles acetyl-CoA, which was more than adequate for 
one malate synthetase assay. 
Nicotinamide adenine dinucleotide (NAD) and its reduced 
form (NADH) were products of C. F. Boehringer and Soehne, 
Mannhein, Germany. L-cysteine (free base), L-glyclne, L-
valine, L-alanine, L-glutamine, L-asparagine, T-aminobutyric 
acid, reduced glutathione, and monosodium glutamate were 
purchased from Mann Research Laboratories, N. Y. Phenyl-
hydrazine hydrochloride was a product of Matheson, Coleman 
and Bell, East Rutherford, N. J. Glucose, sodium succinate, 
potassium acetate, trisodium citrate, Folin phenol reagent, 
acetic anhydride, and sodium potassium tartrate were ob­
tained from Fisher Scientific Co., Fairlawn, N. J. Hetero­
geneous compounds such as yeast extract and tryptlcase are 
products of the Difco Laboratories, Detroit, Mich. Sephadex-
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25, medium, porosity, was purchased from Pharmacia, N. Y. 
Pyridoxal phosphate, glycolic acid, chronotropic acid, di-
sodium salt, and o-phthalic dialdehyde were purchased from 
Calbiochem, Los Angeles. 
Actinomycin-D was a generous gift of Dr. Karl Pfister, 
Merck, Sharp and Dohme, Philadelphia, Pa. 
All inorganic chemicals were of CP or better quality. 
Analytical Methods 
The protein assay used in these studies was modified 
from the method of Lowry, et al. (1951). The reagents used 
were: 
Reagent A: 2% NagCO^  in 0.1 N NaOH 
Reagent B: One part Bj (1.0% CuSO^ H^gO) to one part 
Bg (2% sodium potassium tartrate) 
Reagent C: 50 ml Reagent A plus 1 ml Reagent B 
Reagent D: Phenol reagent, 2N (Folin-Ciocalteau), 
diluted 1:3 
Standard protein solution: Bovine albumin (Armour) 
diluted so that 1 ml contained 0.1 mg protein 
One ml of cell-free extract, appropriately diluted, 
was pipetted into a 50 ml Erlenmeyer flask. A water blank 
and protein standard were included. Four ml of Reagent C 
was added to each flask and allowed to stand at room temp for 
at least 10 min, after which 0.4 ml of Reagent D was added and 
the flasks swirled immediately to mix. This mixture was 
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allowed to stand for at least 30 min at room temp before the 
absorbancy of the unknown(s) was read in a Beckman 151 
Spectro-Colorimeter at 650 m/^  against its particular blank. 
The absorbancy of the standard was checked against a stand­
ard curve to be certain it was reasonably close, and then 
the unknowns were calculated from the reading of the standard. 
Transaminase assays were set up and performed in the 
following manner: 
Reagents: glyoxylate, 0.2 M; L-glutamic acid, 0.1 M; 
L-alanine, 0.1 M; L-valine, 0.1 M; pyridoxal phosphate, 
100yttg/ml; phosphate buffer, pH 8.3» 1.0 M. These reagents 
were adjusted to pH 8.3 immediately before use with 2 N NaOH. 
Reagents were pipetted into duplicate test tubes in the 
following order: phosphate buffer, 0.2 ml; cell-free ex­
tract, 0.4 ml; pyridoxal phosphate, 1.0 ml; L-amino acid, 
0.2 ml; and glyoxylate, 0.4 nil. Immediately after adding 
the glyoxylate, the tubes were swirled to mix and one of 
each duplicate was placed in a 100 C water bath for 5 min. 
This tube served as a blank. The assay tubes were incubated 
for 60 min in a 37 C water bath. At the end of the incubation 
period, the assay tubes were placed in a 100 C water bath 
for 5 min to stop the reaction. The tubes were cooled and 
centrifuged to remove any precipitate. To determine if gly­
cine had been formed through the transamination of glyoxylate 
with any of the several L-amino acids, glycine assays were 
done by a method modified from Patton (1935). 
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A glycine reagent was prepared by placing 2 g of o-
phthalic dialdehyde in 300 ml of distilled water and dis­
tilling at atmospheric pressure. The first 200 ml of the 
distillate was the reagent employed. The reagent was stored 
in a brown bottle at 0 C and was stable for 3 to 5 months. 
An alcohol-acid reagent had to be made fresh for each assay. 
This was prepared by mixing 10 ml of concentrated sulfuric 
acid with 60 ml of 95$ ethanol. 
The blank and standard were treated in the same man­
ner as the unknowns. The blank contained the supernatant 
fluid from a preparation which was boiled.immediately after 
mixing and the standard contained a standard solution con­
taining 0.1 mg of glycine. To 0.5 ml of the unknown was 
added 0.5 ml of glycine reagent and the tube was allowed to 
stand for 2 min after which time 0.5 ml of the alcohol-acid 
mixture was added and the contents mixed. One ml of chloro­
form was added and the tube was shaken vigorously for 30 
sec then allowed to settle. The final result was determined 
by mixing 0.5 ml of the chloroform layer with 0.1 ml 95# 
ethanol and reading the absorbancy in a Beckman 151. Spëctro-
Colorimeter at 650 my., using a 0.1 ml microcuvette. The 
results were read off a standard curve ranging from 0.025 to 
0.5 mg glycine. 
Formic acid was tested for by the method of Feigl (i960). 
Formic acid is reduced to formaldehyde by powdered magnesium 
in acid, resulting in a purple color when treated with 
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chronotropic acid. 
Isocitrate lyase and malate synthetase assays were mod­
ified from the procedure described by Dixon and Kornberg 
(1959)• The isocitrate lyase contained, in 3 ml; Tris 
buffer, pH 7.2, 100 ^unoles; MgCl2*6H20, 15 yuunoles; . phenyl-
hydrazine *HC1, 10 /imoles; cysteine (free base), 6 /tmoles; 
cell-free extract, 0.2 ml; and water. The reaction was 
started by adding 5 /moles of D-isocitrate (as the racemic 
mixture) to the mixture contained in a 1 cm silica cuvette., 
The rate of change of absorbancy was measured against a ref­
erence cell containing the same reagents with the exception 
that water was substituted for substrate. The principle of 
this assay depended upon measuring the rate of increase of 
absorbancy at 324 m/x. with a Beckman-DB Recording Spectro­
photometer equipped with a hydrogen lamp as source for ultra­
violet light. The increased absorbancy was a result of the 
formation of glyoxylic acid phenylhydrazone from glyoxylate, 
produced by isocitrate lyase from isocitrate and phenylhy­
draz ine. The molar extinction coefficient for glyoxylic 
acid pheny lhydraz one is 1.7 x 10 at 324 h^ l. Specific act­
ivity is defined as yw-moles glyoxylate formed/10 min/mg 
protein. 
The malate synthetase assay contained, in 3 ml; Tris 
buffer, pH 7.9, 100/tmoles; MgClg'&HgO, 2 yxmoles; acetyl-
CoA, 0.25 y&unoles; cell-free extract, 0.2 ml; and water. 
The change in absorbancy at 232 mp, was recorded for several 
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minutes to detect the possible presence of an acetyl-CoA 
deacylase. None was ever detected in B. cereus T ex­
tracts. The reaction was started by adding 2 jjimoles of 
sodium glyoxylate and was followed graphically as described. 
The principle of this assay depends upon measurement of the 
rate of decrease in absorbancy at 232 m/t resulting from break­
age of the thio-ester bond of acetyl-CoA in the presence of 
glyoxylate. The molar extinction coefficient for the clea­
vage of the thio-ester bond of acetyl-CoA at 232 m^ . is 4.5 x 
10)3. Specific activity is defined as ymoles acetyl-CoA dis-
appearing/min/mg protein. 
Standard manometric techniques (Umbreit, Burris, and 
Stauffer, 1957) were employed to measure carbon dioxide ev­
olution in the glyoxylate carboligase assays. The assay 
procedure was that of Krakow, Barkulis, and Hayashi (1961). 
Manometric assays were performed in Warburg flasks with 
nitrogen as the gas phase, at 31 C. Each flask contained, 
in 3.0 ml; cell-free extract or 30# cell suspension, 0.1 
ml; thiamine pyrophosphate, 300 /4g; MgCl2> 4 x 10™^  M; 
phosphate buffer, 0.1 M, pH 6.0 in the main compartment and 
0.2 ml of 20# KOH in the center well fitted with a piece of 
fan-folded, good grade filter paper 2 cm square. For each 
assay identical flasks were set up without KOH as described 
for the direct method to measure carbon dioxide evolution. 
The reaction was started (after 10 min shaking in order to 
equilibrate thermally) by tipping in 6 /tmoles of sodium gly-
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oxylate. Sodium glyoxylate and thiamine pyrophosphate so­
lutions were prepared fresh for each run. 
The assay for tartronlc semlaldehyde reductase was also 
performed as described by Krakow, Barkulis, and Hayashi 
(1961). The 3 ml glyoxylate reaction product from the 
Warburg experiments was deproteinized with 0.5 ml of 2 N 
H2S0i| and clarified by centrifugation. The supernatant fluid 
was neutralized with 2 M KHCO3 and used as the source of 
tartronlc semlaldehyde. The assay contained, in 3 ml; 1,3 
ml of glyoxylate reaction product, 0.2 ml cell-free extract, 
and 1.0 ml phosphate buffer, pH 7.3, 0.1 M. This combination 
was allowed to incubate at room temp for 3 hr. To start 
the reaction, 0.5 ml NADH (0.4 mg) was added and the de­
crease in absorbancy at 340 ny. (tungsten lamp) was followed 
on the automatic recorder. Controls were included to allow 
for endogenous NADH oxidation. 
The procedure for assaying glyoxylate reductase was 
modified from the method of Zelitch (1955). The reaction 
mixture contained, in 3 ml; glyoxylate, 5ytunoles; cell-
free extract, 0.2 ml; and phosphate buffer, pH 7.3, 0.1 M, 
1.0 ml. The reaction was started by adding 0.5 ml NADH 
(0.4 mg) and followed on the automatic recorder. 
The assay for glycolate oxidase is modified from 
Zelitch (1955) and depended upon the reduction of NAD in 
the presence of glycolate and cell extract. The reaction 
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mixture contained, in 3.0 ml; glycolate, 5 yumoles; cell-
free extract, 0.2 ml; and Tris buffer, 0.2 M, pH 8.4, 1.8 
ml. The reaction was started by the addition of 1.34 yumoles 
of NAD and followed on the automatic recorder. 
Glycerate dehydrogenase was assayed in the same manner 
as for glycolate oxidase with the exception 5 yumoles of gly­
cerate was used as substrate. 
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RESULTS 
Attempts to Isolate Bacillus spp. 
on Single Carbon Sources 
At the start of this program it was considered desirable 
to adapt the spore forming aerobes B. cereus T or B., cereus 
var. mycoides to strictly defined media and especially to 
devise a good sporulation supporting medium containing a 
single carbon source. This was pursued rather intensively 
for a time. Compounds tried as sole carbon sources were 
glutamate, succinate, glucose, and acetate. The methods 
employed were continuous cultures, where the yeast extract 
or other supplement was gradually diluted out, and the 
gradient plate method. Organisms were isolated which would 
give scanty growth on agar slants containing the particular 
carbon compound but they would riot flourish in shaken broth 
cultures, thereby making them undesirable for sporulation 
studies. In broth containing glutamate as sole carbon source, 
slight growth of B. cereus T would occur after a long lag 
phase of about 10 to 12 hr. Maximum population attained 
produced an absorbancy of only about 0.2 at 650 irifu. 
These experiments led to nutritional studies concerning 
B. cereus var. mycoides and B. cereus T which were of value. 
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Nutritional Studies of Bacillus spp. 
Table 1 presents data collected in an experiment de­
signed to determine optimal amounts of calcium required for 
maximal sporulation. In acetate medium it was seen that the 
greatest degree of sporulation was attained with the smallest 
amount of calcium added to the medium. This may be due in 
part to the fact that excess calcium was being chelated by 
some essential component required for spore synthesis. The 
fact that some sporulation did occur even before manganese 
was added to the system indicates there was manganese contam­
ination of some component, since manganese is known to be 
essential for a high degree of sporulation (Curran, 1957). 
A study of the effects of asparagine on B. cereus var. 
mycoides (Table 2) revealed it has little, if any, effect 
upon ultimate sporulation in succinate medium whereas in 
acetate medium it supported growth but did not support spor­
ulation. 
Nutritional data accumulated while trying to adapt B. 
cereus T to single carbon sources is summarized in Table 3. 
Data show that yeast extract is an excellent substance to 
support sporulation, while trypticase, nutrient broth, or Stà-
mino A or B preparations do not support sporulation. 
Sta-mino, type A, contains L-leucine, 49#;n L-tyrosine, 
14#; L-methionine, 5.4#; and L-phenylalanine, 
Table 1. Effect of calcium on sporulation of B. cereus var. mycoides 
Percent sporulation^  . Percent sporulation 
Mediùm8, CaClgfmg) Growth before Mn after Mn after shaking 24 hr at 4 C 
Acetate, 
1.11# 3 good 15 55 55 
5 good 15 45 45 
7 good 15 25 25 
Succinate, 
1.84# 3 less 0 15 1 
5 less 0 15 1 
7 less 0 15 1 
i 
. S^upplemented with 0.2# glucose and 0.45# asparagine; 50 ml cultures 
3^ ^ moles Mn added after shaking for 20 hr at 34 C; the cultures were 
then shaken for 6 additional hr. 
Table 2. Effects of asparaglne on growth and sporulation of B. cereus 
var. mycoides in acetate and succinate media 
Asparaglne, 
g/50 ml Carbon source Growth 
Percent 
before 
sporulation3, 
Mn after Mn 
Percent 
sporulation 
after 12 hr# 4 1 
0.225 Succinate13 good 0 40 100 
0.112 Succinate good : 0 85 100 
0.056 Succinate good 0 100 100 
0 Succinate good _c 
- 100 
0.225 Acetate^  good 0 0 1 
0.112 Acetate good 0 0 1 
0.056 Acetate good 0 0 1 
; 0 Acetate poor _c 
- 1 
a3/'•moles Mn added after shaking for 20 hr at 34 C, followed by 
shaking for 6 additional hr. 
bl.84#, supplemented with 0.2# glucose; 50 ml cultures. 
cMn was in.the medium initially. 
dl.ll#, supplemented with 0.2# glucose; 50 ml cultures. 
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Table 3. Nutritional studies on the growth and sporulation 
of B. cereus T 
Carbon source Supplement Growth Sporulation 
Glutamate, 0.2# Yeast extract, 
0.1 and 0.05# 
good 100 
Glutamate, 0.2# Citrate, 1.5# fair 100 
Glutamate, 0.2# Citrate, 1.5# 
yeast extract 
0.1# 
good 100 
Glutamate, 0.1# none poor 100 
Glutamate, 0.1# L-valine, 1# none -
Glutamate, 0.1# L-leucine, 1# fair forespores 
. only 
Glutamate, 0.1# L-isoleucine, 
1# 
none -
Glutamate, 0.1# L-glycine, 1# none -
Glucose, 0.1# Yeast extract, 
0.1 and 0.05# 
good 100 
Glucose, 0.1# Citrate, 1.5#, 
yeast extract, 
0.1# 
. good 100 
Glucose, 0.1# Citrate, 1.5# none -
Acetate, 1# Sta-Mino A,a 
0.02# 
poor 0 
Acetate, 1# Sta-Mino B, 
0.02# 
poor 0 
C^ommercially prepared mixtures of essential amino 
acids available from the A. E.. Staley Mfg. Co., Decatur, 
111. 
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Table 3. (Continued) 
Carbon source Supplement Growth Sporulation 
Acetate, 1# Trypticase, 
0.02# 
poor 0 
Acetate, 1# Yeast extract, 
0.02# 
good 100 
Nutrient broth none good 5 
Nutrient broth Glutamate, 
0.05# 
good 5 
Nutrient broth T-aminobutyric 
acid, 0.05!» 
good 5 
Nutrient broth Glutamine, 0.05# good 5 
5.0#. Type B contains predominately L-leucine, with 75#; 
L-isoleucine, 13#; L-methionine, 8#; L-phenylalanine, 3#; 
and a trace of L-tyrosine. 
In the nutrient broth experiments, it was considered 
that perhaps glutamate or isomers of glutamate may reverse 
the inhibitory effect of nutrient broth on sporulation. 
These supplements, however, could not relieve the inhibition. 
Discovery and Studies of Isocitrate Lyase 
and Malate Synthetase in Bacillus cereus T 
The isocitrate lyase assay was originally set up using 
extracts from a known enzyme producer, Micrococcus lysodeik-
ticus (Smith and Gunsalus, 1955). The organisms were grown 
in a DL-malate, 0.5#; trypticase, 0.2#; salts medium and 
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lysed by treating with a hypotonic 0.1# lysozyme solution 
for 15 min in a 37 C water bath. A cell-free extract was 
prepared by the method already described. This extract 
showed a high level of activity by producing 2.2yumoles of 
glyoxylate/10 min/0.2 ml cell-free extract, thereby lending 
itself well to setting up this assay procedure. 
The first isocitrate lyase assays were performed on 
cell-free extracts of B. ceretts T which had been grown in 
a malate-trypticase-salts medium. The assay procedure was 
that set forth by Dixon and Romberg (1959)• Activity was 
low in this situation. By substituting Tris buffer for phos­
phate buffer, it was seen (Fig. 1) that the activity of the 
same cell-free extract was approximately 3.5 times as much. 
The effect of hydrogen ion concentration on isocitrate 
lyase in Tris buffer was determined over a pH range of 7,2 
to 8.2. Figure 2 illustrates a sharp pH optimum at 7.2, 
the lowest tested. Lower pH ranges were not investigated 
since it would mean a change to another buffer, and it was 
considered desirable to retain Tris as the sole buffer. 
Malate synthetase was also found active in this cell 
extract preparation from organisms grown in malate-trypti-
case-salts, thus establishing the presence of a glyoxylate 
cycle in B. cereus T. 
Several attempts to determine optimum conditions for 
the enzyme assays disclosed fairly low activities. The cells 
used for extracts in these studies were harvested from 
Figure 1. Comparison of isocitrate lyase activity in Tris 
and phosphate buffers. 
37 
.016 
X TRIS 
O PHOSPHATE 
2.012 
.004-
MINUTES 
Figure 2. Effect of pH on 
Tris buffer. A 
of enzyme which 
isocitrate lyase activity in 
unit is defined as that amount 
causes a AA324 of 0.001/min. „ 
39 
50 
40 
co 30 
H 
•z 
z> 
20 
10 
7.2 7.4 7.6 7.8 8.0 8.2 
pH 
glucose-yeast extract-salts medium at the point where the 
pH of the medium had reached its lowest level. This was . 
based on the reasoning that near the point where acetate 
production was at its peak, synthesis of isocitrate lyase 
and malate synthetase should also be at its peak. It was 
considered that this lack of high activity, may be more ap­
parent than real, due to the presence or accumulation of 
some inhibitor(s). A 10 liter batch of cells was grown 
and harvested at the point where the pH begins to rise at 
the onset of- the "sporulation cycle" (Gollakota and Halvorson, 
i960). A cell-free extract was made to contain about 5 mg 
protein/ml. Half of this extract was dialyzed 36 hr against 
100 times its volume of 0,05 M Tris buffer, pH 7.13, with 
a complete change in 45 min, and the other half was un-
dialyzed. Dialysis of the extract did increase the specific . 
activity slightly, but the activity was still low. Extract 
was put through a column containing Sephadex-25, prepared 
according to Plodin (1961). The glass column was 2 x 12 cm 
and was perfused overnight with 0.05 M Tris buffer, pH 7.15. 
The object of this experiment was to desalt the preparation, 
since a low molecular weight inhibitor was suspected. De­
salting may have been accomplished as was originally intend­
ed but separation was also achieved, as seen in Table 4, 
by the 2 fold increase in isocitrate lyase activity and the 
trailing out of malate synthetase activity in fractions 
which still contained considerable protein. 
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Table 4. Crude cell-free extract treatment with Sephadex-25 
Specific activity 
Preparation 
Isocltrate 
lyase 
Malate 
synthetase 
Protein 
(mg/ml) 
Crude extract 0.13 0.43 10.30 
15 ml forerun 0 0 0.33 
Fraction 1 0.23 3.27 2.05 
Fraction 2 0 1.27 8.40 
Fraction 3 0 0.80 5.60 
Fraction 4 0. 0.25 4.43 
Fraction 5 0 0 0.90 
Fraction 6 0 0 0.55 
Experiments with Base Analogues and Actinomycin-D 
The experiments with base analogs were performed in the 
hope of establishing a sharp point where sporulation could 
be defined as a biochemically beginning entity. Morphological 
examination of stained slides does not pin-point it closely 
enough. The beginning of sporulation was defined by Gollakota 
and Halvorson (i960) "as a point of inflection corresponding 
in time to maximum growth, exhaustion of glucose, and rising 
pH". If one is not using a glucose medium, another common 
denominator must be sought. There are no great pH changes 
in any carbon substrates reported or tried in these studies 
except glucose, del Valle and Aronson (1962) were able to 
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pin-point the onset of sporulation to within 15 min by de­
termining the critical period when the synthesis of the 
messenger-RNA required for spore protein formation took 
place. Eight 250 ml Erlenmeyer flasks, each containing 50 
ml of glucose-yeast extract-salts medium were prepared and 
inoculated with 3 x 10? spores which had been heat shocked 
30 min,at 70 C. Eight-azaguanine, 100 /Ag/ml, and 5-bromo-
uracil, 50 /ig/ml, were added at 0, 1, 2, 2.5, 3, 4, and 6 
hr intervals. After 24 hr incubation at 30 C growth was 
abundant in each flask. Samples were withdrawn from each 
flask and pasteurized for 20 min at 80 C. Table 5 presents 
the results of these experiments. It can be seen that cells 
were committed to sporulation after about 3 hr growth. 
An experiment similar to that described above embodies 
the use of Actinomycin-D. Actinomycin-D, which is very in­
soluble, was prepared so that 4 ml contained 500 /tg, and 
was sterilized by passing through a Millipore filter. The 
culture flasks contained 46 ml of medium, and addition of 
4 ml of the Actinomycin-D solution gave an ultimate concen­
tration of 10yx.g/ml. To one flask 4 ml of sterile water was 
added to serve as a control. To the other flasks Actinomycin-
D was added at 0 time and at hourly intervals up to 6 hr. 
It was indeed surprising that after 24 hr incubation at 30 
C with shaking, all flasks presented luxuriant growth and 
essentially complete sporulation. 
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Table 5. Effect of RNA analogues on spore formation 
Time of 
addition, hr 
Percent 
Direct counts 
sporulation 
tlate counts3-
0 0 0b 
1 0 0 
2 0 0 
3 18 20 
6 100 100 
8 100 100 
12 100 100 
Control0 100 100 
aAfter heating for 20 min at 80 C, 
O^ccasional growth amounting to 0.00005# was encoun­
tered. 
c Contained no base analogues. Control values were 
2 x 10° cells/ml with essentially complete sporulation 
after 24 hr. 
Enzymes of the Glyoxylate Cycle in Spores 
Cell-free extracts from sonically disrupted spores 
were assayed for isocitrate lyase and malate synthetase. 
Both enzymes were found to be present, but in much reduced 
amounts as compared with the activities found in vegetative 
cells. Isocitrate lyase activity produced 0.7 yw.moles of 
glyoxylate/10 min/mg protein and malate synthetase showed 
an activity of 0.06 yu.moles acetyl-CoA disappear ing/min/mg 
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protein. 
Biosynthetic Patterns of Enzymes of the 
Glyoxylate Cycle in Different Growth Media 
The composition of the medium in which the organism 
was grown was seen to have an appreciable effect on the 
synthesis of isocitrate lyase. Figures 3 and 4 show similar 
patterns of isocitrate lyase synthesis in cells grown in 
either glucose or acetate, although acetate grown cells have 
somewhat higher activities at their peaks. Figures 5 and 6 
indicate isocitrate lyase activity is much higher in cells 
grown in yeast extract or glutamate medium. This was an 
unexpected finding and it is exceptional that isocitrate 
lyase synthesis should be relatively inhibited in media 
containing acetate or acetate precursors, since this is con­
trary to observations of other microorganisms (Kornberg, 
Gotto, and Lund, 1958; Kornberg, i960; Vanderwinkel, et al., 
1963). 
The patterns of malate synthetase synthesis were less 
spectacular but were significant. Figures 3 and 4 show 
peaks of activity that coincide fairly well with peaks of 
isocitrate lyase activity. In acetate medium, an early peak 
was observed which will be discussed later. Figure 5 illus­
trates a rather constant low activity throughout the period 
investigated, and Fig. 6 does not show any malate synthetase 
activity at all. 
Figure 3. Patterns of isocitrate lyase and malate synthetase synthesis 
by B. cereus T in a glucose medium 
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The high isocitrate lyase activities encountered in 
glutamate grown cells raised the consideration that acetate 
may be produced in the catabolism of glutamate, resulting 
in the induction of isocitrate lyase synthesis. Acetate 
production from glutamate has been demonstrated in Rhodo-
spirillum rubrum (Hoare, 1963) and Brevibacterium flavum 
(Shiio, i960). Figure 7 shows the curve obtained with con­
centrated glutamate medium supernatant culture fluid col­
lected after 8 h'r growth. It is compared with a curve ob­
tained by putting through authentic acetic acid. Ten ml 
of supernatant culture fluid was adjusted to pH 2 or 3 with 
2 N HC1 and was then extracted with ether. The ether was 
evaporated and the residue taken up in 2 ml of 10$ n-butanol 
(v/v) in water saturated chloroform (CB-10). Two tenths 
ml was transferred to a glass column filled with silicic 
acid according to Reeves and Ajl (1963). If terminal res­
piration were impaired until the onset of sporulation, as 
is the case in glucose metabolism of B. cereus T (Nakata 
arid Halvorson, i960), some fermentation acids would have 
been expected to accumulate at this point. On the con­
trary, the data presented indicate that very little, if any, 
organic acid accumulates in the medium at this point. 
The studies of isocitrate lyase and malate synthetase 
synthesis at various presporulation time intervals re­
sulted in two significant findings. One was that isocit-
rate lyase synthesis, regardless of the carbon source in 
Figure 7. Comparison of authentic acetic acid and concen­
trated supernatant fluid from a glutamate grown 
culture of B. cereus T. Fractionation was per­
formed on a silicic acid column. 
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which the organism was grown, is more or less a function 
of growth, and in every instance has a peak specific ac­
tivity at around 8 to 9 hr growth, where the cells present 
morphological evidence that sporogenesis has begun. The 
second significant finding was that malate synthetase syn­
thesis was low and more or less constant in cells from 
yeast extract cultures, and virtually absent from glutamate 
grown cells. 
These results, summarized in Table 6, led to studies 
to elucidate the metabolism of the glyoxylate formed due 
to the high isocitrate lyase activity and the virtual ab­
sence of malate synthetase in glutamate grown cells. 
Table 6. Activity of glyoxylate cycle enzymes of B. cereus 
T grown in various carbon compounds3. 
Compound*3 Isocitrate lyase Malate synthetase 
Glucose 1.3 0.15 
Acetate 2.3 1.50 
Glutamate 5.1 <0.01 
Yeast extract 5.4 0.11 
aAll extracts are from 8 to 9 hr cells showing morph­
ological signs of sporulation. 
b0.1# concentrations, supplemented with 0.2# yeast 
extract and mineral salts. The yeast extract culture is 
supplemented with mineral salts only. 
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Demonstration of a Functional Glycerate 
Cycle in Glutamate Grown Cells 
If malate synthetase activity is not demonstrable, thus 
excluding the presence of an operable glyoxylate cycle, there 
are several pathways for the metabolsim of glyoxylate in 
microorganisms. They are the formation of glycine (Campbell, 
1956), of formate and carbon dioxide (Campbell, 1955), of 
glycolate (Zelitch, 1955), and of tartronic semialdehyde and 
carbon dioxide (Krakow and Barkulis, 1956). Each of these 
possible pathways was investigated. 
Transaminase assays were performed at different time 
intervals during growth to look for any metabolic shifts which, 
may be associated with sporulation. After growth for 5 hr 
the cells showed no signs of the onset of sporulation. At 8 
hr the cells showed morphological evidence of beginning 
sporulation, and at 14 hr the cells were well on their way 
toward the formation of mature spores. 
Alanine and glutamate were included in these assays 
due to their frequency of involvement in transamination re­
actions. Valine was included because it is present in yeast 
extract in significant quantities of 3.4# (Difco Laboratories, 
1954. Personal Communication). Table 7 shows the results of 
glycine determinations following transaminase assays. The 
extremely small amounts of glycine formed rule out the pos­
sibility that transamination could be significant in glyoxylate 
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Table 7. Glycine formed through transamination of glyoxylate 
with L-amino acids by cell-free extracts of B, 
cereus T 
Glycine formed3 
Hour Alanine Glutamate Valine 
5 
8 
14 
0 
0 
0.287 
0 
0.068 
0.101 
0 
0 
0 
m^oles. 
metabolism of sporulating B. cereus cells. 
Manometric assays were performed with glyoxylate as sub­
strate to determine whether glyoxylate was being metabolized 
via reaction (l) or (2), or possibly both. 
2 glyoxylate 
glyoxylate 
-» tartronic semialdehyde 4- COg (l) 
-> formate + C02 (2) 
At no time did the stoichiometry achieved in assays 
suggest that reaction (2) was taking place. Furthermore, the 
formation of formic acid was ruled out by the qualitative 
test for formaldehyde and formic acid described by Feigl 
(i960). The stoichiometry achieved more closely resembled 
reaction (i), where the disappearance of 1 mole of glyoxylate 
results in the evolution of \ mole of carbon dioxide. In. 
these studies the balance was quite variable, according to the 
manner in which the enzyme was supplied to the system. It 
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was consistently noted that cell-free extracts gave a much 
lower carbon dioxide yield than that theoretically possible 
for this reaction. Extracts from acetone powders gave much 
lower yields than sonically prepared extracts, indicating 
some glyoxylate carboligase was possibly inactivated in the 
procedure. On the other hand, resting cell suspensions usu­
ally produced yields of carbon dioxide closer to the theoret­
ical stoichiometry. As can be seen in Table 8, the treatment 
of the cells also had an effect on the reaction. Freshly har­
vested and washed cells usually produced lower yields of car­
bon dioxide than suspensions prepared from cells which had 
been frozen. 
Table 8. Stoichiometry of glyoxylate carboligase activity 
in different enzyme preparations 
Enzyme source yimoles COg 
evolved 
% theoretical 
yield" 
Acetone powder 
extracts 0.42 14.0 
Cell extracts, 
sonic 0.90 30.0 
Cell suspensions, 
fresh 1.78 58.3 
Cell suspensions, 
stored at -20 C 2.52 84.0 
aA theoretical yield is 3 yumoles. 
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Though B. cereus T has a high rate of endogenous ox­
idative activity, negligible amounts of endogenous carbon 
dioxide were formed. 
It was discovered that B. cereus T possesses a glyoxylate 
.reductase. Figure 8 shows the rapid oxidation of NADH in the 
presence of cell extract and glyoxylate. In the carboligase 
assays, the presence of this enzyme resulted in the enzymatic 
reduction of glyoxylate. to glycolate in the presence of en­
dogenous NADH, thus removing a portion of substrate from the 
carboligase enzyme system and accounting for the inability 
to recover theoretical yields of carbon dioxide. When the 
30# cell suspensions used in assays were prepared from washed 
cells which had been frozen, there was a marked decrease in 
reductase activity. 
Attempts were made to remove this NADH oxidase without 
any great measure of success. Efforts to remove it by pro­
tamine sulfate precipitation and dialysis were only partially 
successful. A partial purification by treatment at 50 C in 
a dialysis sac (Dagley, 1963) resulted in the inactivation 
of glyoxylate carboligase as well. In addition, an unsuccess­
ful attempt was made to purify out the glyoxylate carboligase 
according the method of Krakow, Barkulis, and Hayashi (1961). 
The reverse of the glyoxylate reductase reaction was 
also demonstrated, as shown in Fig. 9, but at a very low rate. 
For evidence of a glycerate cycle, which could return 
Figure 8. NADH oxidation in the presence of glyoxylate and cell-free extracts 
of B. cereus T. The arrow indicates the point of addition of NADH. 
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Figure 9. NAD reduction in the presence of glycolate and 
cell-free extract of B. cereus T. The arrow 
indicates the poiht oT addition of NAD. 
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the C3-compound formed to the glycolytic pathway for re­
cycling, it was necessary to demonstrate the enzymatic re­
duction of tartronic semialdehyde to glycerate. The gly­
oxylate reaction product from the glyoxylate carboligase 
assay was treated in the manner described by Krakow, Barkulis, 
and Hayashi (1961). The reaction product was incubated with 
sonically prepared cell-free extract at room temp for 3 hr 
at pH 7.5, after which NADH was added, and the reaction fol­
lowed on the Beckman-DB Spectrophotometer as usual. This 
incubation period assured the removal of any residual gly­
oxylate and, at an alkaline pH, the reconversion of any 
hydroxypyruvate formed to its tautomer, tartronic semialdehyde. 
The results of this assay are shown;in Pig. 10. The oxidation 
of NADH in the presence of this substrate and cell extract 
provided evidence for a tartronic semialdehyde reductase, 
hence, a functional glycerate cycle. 
Cell-free extracts were also assayed for the presence 
of a glyceric acid dehydrogenase, which would oxidize gly­
cerate to tartronic semialdehyde. These assays proved to 
be negative. 
Figure 10. NADH oxidation,in the presence of glyoxylate reaction product and 
cell-free extract of B. cereus T. The assay contained 0.69/tmoles 
tartronic semialdehyde" (calculated from the C02 produced). The 
arrow indicates the point of addition of NADH. 
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Isocitrate Lyase Activity during Germination 
and Outgrowth of Bacillus cereus T 
Enzyme assays performed on extracts from cells harvested 
very early in the growth cycle display extremely high spe­
cific activities of isocitrate lyase with the exception of 
glucose grown cells. The absorbancy of the culture (Table 9)  
at the time it was harvested is given to indicate the amount 
of growth present at this particular point. 
After 1 hr growth in glutamate medium, a specific activ­
ity of 26.3 was realized, even though outgrowth was not yet 
sufficient to read in the colorimeter. A germinating spore 
inoculum in a culture will increase its transmittancy of 
light, therefore causing the absorbancy to drop. This was 
always seen to be true using B. cereus T spores, and in this 
case, in glutamate medium, the absorbancy had dropped to an 
unreadable low point. As indicated in Table 9» activity de­
clined as cell division got underway. 
Cells grown in yeast extract as a carbon source showed 
a tremendous burst of activity very early in outgrowth, with 
a specific activity of 60. 
Acetate cultures produced cells early in outgrowth which 
were high in activity compared to actively dividing cells, 
but were low relative to glutamate or yeast extract grown 
cells. 
Cells committed to glucose metabolism appear to be unable 
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Table 9. Isocitrate lyase activity during germination and 
outgrowth 
Medium Hour 
Absorbancy 
at 65Cym Specific activity 
Glutamate 1 0 26.3 , 
3 0.009 14.5 
4 0.046 10.9 
Acetate 4.5 . 0.015 4.6 
Yeast extract 3 0.035 60.0 
Glucose. 1 - 3  0.050 none 
to synthesize isocitrate lyase early in growth. Cell-free 
extracts prepared from cells collected any time up to 3 hr 
showed no activity. 
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DISCUSSION -
The many attempts to adapt Bacillus cereus T to abundant 
growth with total sporulation on single carbon sources were 
of no avail. It would be extremely desirable to grow organisms 
in such a manner that they are initially committed to metab­
olize a single carbon substrate. One would know at least 
where to start when conducting studies to elucidate metabolic 
pathways leading to the synthesis of spore materials. G. D. 
Mayer (1961, Personal communication), in this laboratory, 
succeeded in obtaining fairly good growth of B. cereus var. 
mycoides in a glutamate-salts medium, and by using large 
quantities of culture, was able to perform biochemical spor­
ulation studies. 
Bacillus cereus T was considered the organism of choice 
for these sporulation studies because it has been the most 
prominent aerobic spore former used by workers in this field. 
It was found to grow luxuriantly and to display essentially 
complete sporulation in any of the media used when supplemented 
with 0.2# yeast extract. 
In the early experiments, ether extracted yeast extract 
was used instead of plain yeast extract. Little difference 
was noted, however, in the performance of cultures containing 
either form of yeast extract. In addition, it was found that 
the portion extracted by ether would support growth and spor­
ulation as well as the non-extractable materials. The ex­
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traction was performed In compliance with the suggestion of 
Nakata and Halvorson (i960), who removed ether soluble com­
ponents which would interfere with quantitative analyses of 
culture filtrates for fermentation acids. 
The discovery that phosphate buffer was inhibitory to 
isocitrate lyase was a significant one since this probably 
is a partial explanation, at least, for the inability of 
% 
other workers to demonstrate this enzyme in B. cereus T. 
The inhibition of terminal respiration in a glucose medium, 
leading to the accumulation of large amounts of acetate and 
the subsequent utilization of acetate upon the onset of spor­
ulation (Nakata and Halvorson, i960), has suggested the in­
duction of a glyoxylate cycle (Halvorson, 1961). Unsuccess­
ful attempts to demonstrate unequivocally such a cycle 
(Grollakota and Halvorson, 1963) are attributed in part to the 
facts that: l) isocitrate lyase synthesis is inhibited in 
the glucose-yeast extract-salts medium these workers are ac­
customed to using, and, 2) most reports concerning isocit-
rate lyase deal with assays performed by the method of Dixon 
and Romberg (1959), which customarily employs phosphate 
buffers. 
The pH optimum of isocitrate lyase showed a sharp dis­
crimination between pH 7.2 and 7.4. The activity at pH 7.2 
was approximately seven times that at pH 7.4. Since Tris 
buffer cannot be prepared at a pH much lower than 7.2, no 
lower hydrogen ion concentrations were tested since it would 
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mean changing buffers. Once Tris buffer was found to support 
good enzyme activity it was retained because of the conven­
ience of not having to prepare a wide variety of buffers for 
all the enzymes assayed in these studies. 
By using base analogues, it was possible to show that 
in the particular system used, the cells were committed to 
sporulation after about 3 hr growth. The results, however, 
could not be confirmed by the use of Actinomycin-D, a potent 
inhibitor of RNA synthesis (Kirk, i960.). After the onset of 
sporulation, del Valie and Aronson (1962) demonstrated that 
there was a relatively abrupt change in the sensitivity of the 
cells to the antibiotic. If Actinomycin-D were added after 
committment to sporulation, there was no inhibition of spore 
formation. With this antibiotic they were able to detect a 
very short but critical period of RNA metabolism at a certain 
time. In the studies presented here, the inability to con­
firm with Actinomycin-D the results obtained by the use of 
base analogues presented more of a problem than it solved. 
The reasons for this phenomenon are not apparent at the pres­
ent time and pursuance of this line of research was abandoned 
as it was not deemed of major importance to the scope of these 
studies. 
It was shown by Nakata and Gollakota (1959) that in cul­
tures of B. cereus T the medium undergoes a sharp drop in pH 
during growth when glucose is supplied as the principal carbon 
source. More detailed studies of this phenomenon (Nakata and 
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Halvorson, i960) indicated the drop in pH resulted from the 
accumulation of acetic and pyruvic acids (ca. 7/Amoles/ml, 
combined). The drop in pH was concomitant with growth and 
the lowest value coincided with the cessation of growth and 
the onset of sporulation. This pH drop in glucose media was 
confirmed in these studies. In media containing acetate, 
yeast extract, or glutamate as principal carbon sources, pH 
differences were seen to be slight (Figs. 4, 5, and 6) and 
of no apparent significance. This .phenomenon in glucose media 
has suggested the induction of a glyoxylate cycle (Halvorson, 
1961) to dissimilate the acetate but attempts to demonstrate 
such a cycle have not been successful (Gollakota and 
Halvorson, 1963). Some of the likely reasons for this have 
already been presented. 
In this situation where the accumulated acetate is the 
principal fermentable substrate in the medium it seems reason­
able that it must be dissimilated by another route other than 
the TCA cycle in order to provide available intermediates for 
synthesis. Acetate being oxidized via the TCA cycle alone 
would only serve for energy production, by the sequence: 
Isocitrate > d-ketoglutarate + C02 > Succinate + COg 
By bypassing those steps of the TCA cycle which result in 
the evolution of carbon dioxide, a net provision of C^ -dicar-
boxylic acids is realized, thereby providing materials for 
biosynthesis, as well as for energy. Since the glyoxylate 
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cycle was functioning at only partial capacity in this in­
stance, it was concluded that only a fraction of the large 
amount of acetate formed in the incomplete oxidation of glu­
cose was dissimilated via the glyoxylate cycle. One is not 
necessarily forced on a priori grounds to the conclusion that 
a very active glyoxylate cycle must be present. Peak acetate 
production in glucose grown.B. cereus T cells is at a point 
correlating with the cessation of logarithmic growth, there­
fore a stationary phase is imminent and synthetic character­
istics of growing cells are no longer required to be fully 
operative. It can be seen at this point in Figs. 3, 4, and 
6 that isocitrate lyase activity declines. This is, no doubt, 
an example of de novo synthesis of spore materials at the ex­
pense of enzyme proteins preexisting in the vegetative cell 
(Hardwick and Foster, 1953; Foster and Perry, 1954). 
It has been noted in several organisms that glucose media 
repress formation of isocitrate lyase (Smith and Gunsalus, 
1955; 1957), but no other organism has been reported to 
cause the accumulation of acetate and then undergo such a 
remarkable metabolic shift as to re-utilize the acetate. 
It is probable that the majority of the acetate went into 
the synthesis of poly-(3-hydroxybutyrate (PHB). It was noted 
through periodic studies of slides stained with Sudan Black 
B that PHB synthesis begins at a fast rate around 8 hr growth. 
This observation applies also to cells grown in acetate, 
75 
glutamate, or yeast extract. This is, in fact, the cause 
of the mottled or granular effect associated with the onset 
of sporulation, as evidenced from the work of Lundgren and 
Bott (1963) and others (Stevenson, et al., 1962; Kominek, 
Srinivasan, and Halvorson, 1963). This lipid has been re­
ported to be synthesized in large quantities in B. cereus T 
and other members of the genus (Macrae and Wilkinson, 1958; 
Kominek, Srinivasan, and Halvorson, 1963). In the studies 
presented it was observed that when cells were essentially 
fully sporulated, the amount of sudanophilic material had 
decreased to a very small amount. These observations are in 
agreement with Nakata (1962), who has shown that a large 
portion of acetate goes into PHB synthesis and, concomitant 
with the appearance of mature spores, PHB disappears again. 
Most organisms which form PHB are able to break it down 
again, meaning it is an intermediate of metabolism and not 
an end product (Sierra and Gibbons, 1962b). There is good 
evidence that PHB serves as an endogenous carbon metabolite 
for endotropic sporulation (Kominek, Srinivasan, and 
Halvorson, 1963). --
The high isocTtrate lyase activities found in cultures 
containing glutamate or yeast extract as principal carbon 
sources were not found to be caused by acetate induction. 
In the first place, these studies have shown that acetate 
does not necessarily evoke a potent glyoxylate cycle, and, 
secondly, no acetate accumulation could be detected in the 
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supernatant fluid of glutamate grown cells. This high activ­
ity indicated that glutamate readily supplies TCA cycle inter­
mediates, especially isocitrate precursors. Yeast extract 
medium had a similar effect which could be expected in view 
of the fact that yeast extract analyses by the manufacturer 
show glutamic acid to be the most abundant carbon compound 
present, with a concentration of about 6.5# (Difco Labora­
tories, 1954. Personal communication). Entry of glutamate 
into the TCA cycle is probably via *. -ketoglutarate (Hardwick 
and Foster, 1953). By the usual turn of the TCA cycle, glu­
tamate would go via succinate, fumarate, etc., until isocit-
rate was formed and underwent a reverse aldol condensation 
to form glyoxylate and succinate. On the other hand, ^ -keto­
glutarate could undergo reductive carboxylation (Cantino, 
1961) to form isocitrate, providing a much more direct route 
to the glyoxylate cycle and perhaps also providing some ex­
planation for the high activity encountered. In our labora­
tory, G. D. Mayer (1963, Personal communication) found that . 
malonate had no effect upon growth or sporulation of B. cereus 
var. mycoldes grown in a medium containing glutamate as a sole 
carbon source. He further demonstrated that «-ketoglutarate 
was indeed carboxylated in the presence of cell extract. 
Some of the problems encountered in determining the fate 
of glyoxylate formed in glutamate grown cells have already 
been presented. The evidence for a glyoxylate carboligase 
was not too convincing in some of the early experiments em­
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ploying cell-free extracts as the enzyme source. The solution 
to the problem unfolded upon the use of whole cells as the 
enzyme source and the discovery of an active glyoxylate reduc­
tase. Cell-free extracts made the reductase readily available 
to the glyoxylate substrate and, by acting at a faster rate, 
transformed more substrate than the carboligase could, there­
by accounting for much less than theoretical yields of carbon 
dioxide. It was interesting that maintenance of the struc­
tural integrity of the cell couid protect glyoxylate from the 
effects of glyoxylate reductase. This could be due to the 
structural relationship of the loci for carboligase and reduc­
tase activity. Perhaps the reductase is more cryptic than 
the carboligase. Freezing cells prior to preparing cell sus­
pensions for the carboligase assay apparently has a deleteri­
ous effect on glyoxylate reductase, while it had no ill effect 
on glyoxylate carboligase. Cells which had been frozen over 
periods ranging from overnight to three weeks showed about 
the same effectiveness in removing reductase activity, while 
having no effect on carboligase activity. Crude extracts 
from Escherichia coll (Crooks strain) have been reported to 
be without loss of activity when stored for months at -20 C 
(Krakow, Barkulis, and Hayashi, 1961). 
The function of glyoxylate reductase in B. cereus T can 
only be speculated upon. It could simply be a regulatory 
mechanism, similar in some respects to that found in the 
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glycolytic scheme where the cleavage of fructose-l,6-diphos-
phate produces two -compounds. There is an equilibrium 
attained between glyceraldehyde-3-phosphate and dihydroxy-
acetone phosphate. While it is glyceraldehyde-3-phosphate 
that is further metabolized via the glycolytic scheme, this 
compound exists in an equilibrium concentration of only 4$, 
while dihydroxyacetone phosphate is present as 96# concen­
tration (Oesper and Meyerhof, 1950). Thus, we see a reg­
ulatory mechanism in a situation where one mole of metab­
olite suddenly becomes two moles of metabolite. The circum­
stances with glyoxylate yielding tartronic semialdehyde and 
carbon dioxide may be analogous, with one mole of metabolite 
suddenly becoming two moles of metabolite. It is difficult 
to say if, in the intact cell, all the carbon dioxide pro­
duced is fixed in other reactions, although manometric assays 
in these studies did show that following maximal carbon di­
oxide evolution, carbon dioxide subsequently began to decrease 
with. time. This indicates that the carbon dioxide was being 
re-utilized by some system(s) present in the cells. Glyoxy­
late reductase may be analogous to triose phosphate isomerase 
by virtue of regulating the dissimilation of the large amounts 
of glyoxylate formed due to the high activity of isocitrate 
lyase in glutamate or yeast extract grown cells. 
Another possibility for the function of glyoxylate re­
ductase has been suggested by Hassall and Hullin (1962), who 
found that crude extracts, not supplied with exogenous NADPH, 
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will apparently couple the reduction of glyoxylate with a con­
comitant oxidation of some of the substrate to carbon dioxide. 
They suggested that the carbon dioxide produced under these 
conditions arises via the mediation of catalytic concentra­
tions of acetyl-CoA and the operation of the dicarboxylic acid 
cycle described by Romberg and Sadler (i960). In this cycle 
the carbon dioxide arises from the decarboxylation of oxal-
acetate to give pyruvate. Hassall and Hullin demonstrated 
the enzymic reduction of glyoxylate to be coupled, in turn, 
to the oxidation of malate, isoctirate and glucose-6-phosphate. 
In plant tissues it was shown that glyoxylate reductase and 
a flavoprotein-linked glycolate oxidase act in conjunction 
with each other to play an important role in the respiration 
of green leaves (Zelitch, 1955). A flavoprotein-linked gly­
colate oxidase has been reported in bacteria, suggesting a = 
similar role could be attributed to the two enzymes in bac­
teria (Katagiri and Tochikura, i960). However, the rate of 
conversion of glycolate into glyoxylate reported by these 
authors and by Hassall and Hullin (1962) is of the same low 
order as that obtained in these studies, and would thereby 
appear to preclude the participation of this system in ter­
minal respiration. 
Bacillus cereus T displays the apparent ability to metab­
olize glyoxylate via a glycerate cycle or a glyoxylate cycle, 
depending upon the conditions of growth and the organism's 
presporulation age. After morphological evidence of spor-
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ulation is apparent, glyoxylate production ceases, indicating 
a shift to another pathway. Evidence has been presented by 
Hanson, Srinivasan, and Halvorson (1963b) that this pathway 
is the TCA cycle. 
From the data presented in this investigation it is 
possible to propose a scheme for the dissimilation of gly­
oxylate during the growth of B. cereus T in various growth 
substrates: 
Glutamate 
1 
1 
Isocitrate <— *—1 
I I 
Glycolate Glyoxylate —> Mala te 
Tartronic semialdehyde 
I 
Glycerate 
I 
3-phosphoglycerate 
i 
1 
Pyruvate 
Acetate 
. . J, 
Recycling via the tri­
carboxylic acid cycle 
In studies of the specific activity of isocitrate ly­
ase in B. cereus T during very early growth, it was seen that 
in most cases activity was very high. This high activity, 
as shown in Table 9, is probably due to the enzyme accounting 
for a large amount of the spore protein present at germination. 
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Activities in glutamate media were noted to decline rapidly 
to the point at which active growth commences, and presum­
ably similar circumstances exist in yeast extract media, al­
though this was not investigated. Glucose was noted to re­
press any demonstrable isocitrate lyase activity and activity 
in acetate media was comparatively low. 
The fact that isocitrate lyase activity should be greater 
in germinating spores than from mechanically disrupted dor­
mant spores has been demonstrated in this study. Powell (1957) 
presented evidence suggesting that during germination, hy­
dration of the cell constituents and a process resembling 
depolymerization frees reactive enzyme groups. The peptide 
the depolymerization refers to has a characteristic constitu­
tion of a <*,e-diaminopimelic acid-glutamic acid-hexosamine 
structure and is non-dialyzable. The enzymes extracted from 
dormant spores may still be bound to compounds which confer 
their heat-resisting properties, causing them to be less 
reactive. 
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SUMMARY 
Concerted attempts to adapt Bacillus cereus T to grow 
abundantly in media containing but a single carbon source 
were not successful. These studies led to many nutritional 
data concerning this organism, which are reported. 
Isocitrate lyase and malate synthetase were found in 
cell-free extracts of B. cereus T. The patterns of synthesis 
of these key glyoxylate cycle enzymes were studied with 
organisms grown in various media. Isocitrate lyase and mal­
ate synthetase activities were a function of growth, and 
began to decline after the onset of sporulation, indicating 
a metabolic shift to another pathway. Research elsewhere 
has shown this pathway to be the tricarboxylic acid cycle. 
Cells grown in acetate or an acetate precursor such as glu­
cose produced enzyme activity in greatly diminished quan­
tities, contrary to findings reported in other organisms. 
Cells grown in glutamate or yeast extract, which is composed 
chiefly of amino acids, display very high specific activities. 
It was speculated that the entry of glutamate into the 
tricarboxylic acid cycle was via «^ -ketoglutarate and the re­
ductive carboxylation of«^ -ketoglutarate accounted for glu­
tamate being a ready precursor of isocitrate. Cells grown 
in yeast extract displayed sufficient malate synthetase ac­
tivity to indicate an operative glyoxylate cycle. Glucose 
and acetate grown cells likewise have an apparent functional 
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glyoxylate cycle. 
Glutamate grown cells, however, showed essentially no 
malate synthetase activity. All the reported possible met­
abolic pathways for glyoxylate dissimilation were investi­
gated. 
Evidence is presented that, in a glutamate medium, gly­
oxylate formed from a highly active isocitrate lyase is metab­
olized via a glycerate pathway. The key enzymes of this path­
way, glyoxylate carboligase and tartronic semialdehyde reduc­
tase were demonstrated. 
A very active glyoxylate reductase was demonstrated in 
glutamate grown cells. It. was postulated that this reaction 
serves as either a regulatory mechanism or is coupled to 
other reactions, but the low order of reconversion of gly­
colate to glyoxylate precluded the participation of this 
system in terminal respiration. 
Isocitrate lyase and malate synthetase activity were 
demonstrated in extracts from dormant spores of B. cereus T. 
During germination and outgrowth of B. cereus T spores, 
high activities of isocitrate lyase are demonstrable in cells 
inoculated into glutamate or yeast extract medium. This act­
ivity declines very rapidly to the point at which active cell 
division begins. 
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